Mitochondria contain several large multisubunit enzyme complexes that are composed of proteins encoded in the nuclear and mitochondrial genomes. Particularly for correct assembly of these enzyme complexes, expression of the respective mitochondrial and nuclear genes has to be coordinated to ensure correct stoichiometries of the protein subunits. Part of this control and the response to specific demands is exercised at the level of transcription. To determine the respective transcription signals we have analyzed the mitochondrial promoters in dicot plants and the promoter structure for nuclear-encoded genes of the respiratory chain complex I. We summarize the results of these investigations and extend the mitochondrial promoter survey to the mitochondrial genome in Arabidopsis thaliana.
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Transcription Signals of Mitochondrial and Nuclear Genes for Mitochondrial Proteins in Dicot Plants
A. Brennicke, E. Zabaleta, S. Dombrowski, M. Hoffmann, and S. Binder Mitochondria contain several large multisubunit enzyme complexes that are composed of proteins encoded in the nuclear and mitochondrial genomes. Particularly for correct assembly of these enzyme complexes, expression of the respective mitochondrial and nuclear genes has to be coordinated to ensure correct stoichiometries of the protein subunits. Part of this control and the response to specific demands is exercised at the level of transcription. To determine the respective transcription signals we have analyzed the mitochondrial promoters in dicot plants and the promoter structure for nuclear-encoded genes of the respiratory chain complex I. We summarize the results of these investigations and extend the mitochondrial promoter survey to the mitochondrial genome in Arabidopsis thaliana.
Plant cells have three distinct and physically separated genetic databases, the mitochondrial, plastid, and nuclear genomes. The expression of these genomes is coordinated in each cell in response to various developmental changes and external stimuli. Gene expression in plastids can rapidly respond to light in certain cell types in order to establish functional photosynthesis. In coordination with several nuclear genes coding for essential subunits of photosynthetic complexes, for example, the small subunit of RubisCO, plastid genes coding for the other subunits are activated. In mitochondria, developmental requirements stimulate genome expression, particularly during pollen growth and maturation. Anther-specific increases in transcriptional activity are observed for mitochondrial genes as well as for nuclear genes coding for mitochondrial proteins ( Huang et al. 1994; Leon et al. 1998 ; see also Smart et al. 1994) . To date, studies of transcriptional activities of nuclear genes for mitochondrial membrane complexes have analyzed primarily subunits of the ATPase ( Boutry and Chua 1985; de Paepe et al. 1993; Morikami et al. 1992 ) and the Rieske-FeS protein of respiratory chain complex III ( Huang et al. 1994) .
Generally transcript abundance of mitochondrial genes is considerably higher than the nuclear encoded mRNA levels for mitochondrial polypeptides. This is observed even when the respective gene products are required in a one-to-one stoichiometry in the mitochondrial protein complexes. Asymmetric RNA levels in nucleus and mitochondria may be partially due to an elevated organellar genome copy number. The number of mitochondria and correspondingly the organellar genomes increases during pollen growth in correlation with the increase in the mRNA and protein abundance ( Huang et al. 1994; Moneger et al. 1992; Muise and Hauswirth 1995) . On the other hand, translation of mRNAs may be more efficient in the cytoplasm, thus requiring fewer mRNA molecules to produce the same amount of protein product as in the organelle.
The physiological importance of the anther-specific developmental increase in mitochondrial activities is highlighted by the detrimental effects of mitochondrial mutations on pollen maturation, which are manifested in the cytoplasmic male-sterile phenotype ( Levings 1990; Schnable and Wise 1998) . Recent investigations of restorer gene action have identified several examples of transcriptional and posttranscriptional control loops between nucleus and mitochondria (Cui et al. 1996; Dill et al. 1997; Leon et al. 1998; Moneger et al. 1994; Schnable and Wise 1998) .
As a prerequisite for a better understanding of the concerted gene expression in the nucleus and mitochondrion, we have initiated investigation of mitochondrial and nuclear promoters in genes coding for proteins destined to assemble into respiratory chain complexes. indicate the position of inverted repeats which stabilize mature RNA termini. The pea atp9 promoter is investigated in vitro as a prototype for the conserved type of dicot plant mitochondrial promoters. (B) Depicts a close-up of the general structure of the conserved promoters in mitochondria of dicot plants. Data from intergenic and interspecific comparisons as well as from in vitro analyses have contributed to this consensus structure. Upstream of the well-conserved nonanucleotide motif (CNM) between nucleotides Ϫ7 and ϩ2 relative to the first transcribed nucleotide, an additional sequence element can be discerned between nucleotides Ϫ25 and Ϫ7 as the AT box, which is essential for efficient initiation of transcription, while not required for the precise alignment of the RNA polymerase complex at the first nucleotide to be transcribed.
Mitochondrial Promoters
Transcription in plant mitochondria is often characterized by complex RNA patterns for individual genes. The different RNA molecules of a given gene can be generated either by de novo transcript initiation at staggered promoters or by posttranscriptional processing events resulting in multiple 5Ј and 3Ј termini. To identify signals for transcription initiation in plant mitochondria, in vitro-capping has been used to differentiate primary from processed RNA termini and to locate sites of transcription initiation in the genome (Covello and Gray 1991; Mulligan et al. 1988) . While in monocots such as wheat and maize only a few nucleotides are found conserved between different sites, in dicot plants a larger stretch of nucleotides characterizes regions of transcription initiation. However, the general structure of an AT-rich region and a core element containing a CRTA motif is maintained in both plant groups Rapp and Stern 1992) .
Furthermore, additional transcription initiation sites have been identified in both plant lineages, which do not contain the conserved core-element. In fact, the main characteristic of this second class of mitochondrial promoters is that they do not adhere to any obvious rule of structure. This observation of two promoter types is analogous to promoter analyses in plastids. In plastids two types of RNA polymerases, a plastid encoded prokaryote-like and a nuclear phagelike enzyme, recognize two distinct types of promoters. The recent identification of an evolutionary related phage-type mitochondrial RNA polymerase encoded by a nuclear gene in plants clarifies its potential to recognize one or more different promoter types in plant mitochondria (Gray and Lang 1998; Hedtke et al. 1997) .
Starting with the conserved mitochondrial promoter type, we have begun to investigate in vitro its recognition by the RNA polymerase (complex). We particularly focus on determining the physical size of the promoter regions, the parameters of the relative promoter activities of different genes, the contribution of individual nucleotide positions and the potential participation of additional protein cofactors. Crucial for these investigations was the development of an in vitro transcription system, which after testing tissue culture cells from Oenothera and tubers from potato was successfully established with etiolated pea shoots. This in vitro system competently recognizes homologous as well as heterologous promoters of different dicot plants, the latter with less efficiency suggesting that species-specific modifications may have been established in the evolution of individual plant lineages ( Binder et al. 1995) .
The homologous pea atp9 promoter was used as a prototype promoter for in vitro assays to define the actual extent of the promoter region and to delineate minimal promoter requirements ( Figure 1) . A first series of deletion clones shows that more than the nine nucleotides found conserved between different promoters in dicot plants are required upstream. While the conserved nonanucleotide itself is not sufficient to promote transcription effectively, inclusion of the adjacent upstream 18 nucleotides confers full activity. Comparison of the atp9 promoter with the various other identified promoters in dicot plants has shown that this upstream region is generally rich in A and T nucleotides. In vitro deletion of this AT-rich region results in the loss of more than 90% of the initiation efficiency, but does not impair fidelity of the transcription initiation ( Binder et al. 1995) . The importance of both the AT-rich and nonanucleotide regions suggests that one or more protein factors recognize these elements. The ob- Figure 2 . Distribution of identified genes in the Arabidopsis thaliana mitochondrial genome. While a few genes are clustered close enough to be cotranscribed, most are scattered around the genome and require separate promoters. When the consensus sequence of the nonanucleotide-containing promoters is used to search the Arabidopsis thaliana mitochondrial genome ( Unseld et al. 1997) , about half of the gene promoter sequences are identified within 3 kb upstream. No conserved promoter sequence is found in the respective vicinity of the other half of the identified genes. These are thus either transcribed from more degenerate sequences or from as yet unknown promoter structures of the second cryptic type (adapted from Dombrowski et al. 1998). servation that efficiency but not fidelity is lost when the AT region is deleted argues for one or more separate trans-acting factors, which enhance binding of the RNA polymerase to the promoter region. To investigate this reasoning we studied promoter-protein interactions in mitochondrial lysates with various regions of the promoter.
Promoter Binding Proteins in Mitochondria
Mitochondrial proteins that preferentially recognize the promoter sequences were investigated in gel-shift experiments with oligonucleotides covering the pea atp9 promoter motif. In analogy to the yeast and mammalian mitochondrial cofactors, which refold and bind correctly after denaturing treatments, we tested whether specific binding could be recovered after SDS/heat denaturation. Indeed, gel retardation of the promoter oligonucleotides is observed with protein fractions of purified pea mitochondria ( Hatzack et al. 1998) . Two major shifts are observed with the proteins purified by hydroxy-apatite and phosphocellulose chromatography, which are rapidly outcompeted by added promoter oligonucleotides, but not by an excess of heterologous sequences. The two complexes show differing properties in these experiments, suggesting independent action of two proteins. Indeed, in reverse-phase chromatography the two DNA-retarding complexes can be assigned to separated proteins. Gel fractionation shows that the retarded DNA-protein complexes can form independently of each other ( Hatzack et al. 1998) . These experiments also yield size estimates of the involved proteins of about 44 kDa and 32 kDa, respectively.
Binding efficiencies to the AT-rich region and the nonanucleotide conserved core cannot as yet be differentially assigned to either of the two proteins. So far competition experiments show that both proteins interact preferentially with oligonucleotides covering both nucleotide stretches of the atp9 promoter sequence. Differential binding efficiencies will have to be investigated with other sequence combinations to separate the two elements.
Numerous Promoters in the Mitochondrial Genome of Arabidopsis
The complete genome sequence of the mitochondrial genome in the dicot plant Arabidopsis, which has recently become available, allows a more sophisticated estimate of the total number of promoter sites in this plant mitochondrial genome ( Unseld et al. 1997 ; Figure 2 ). Previous estimates of promoter numbers have been determined from the number of transcripts capped in vitro in a preparation of steady-state mitochondrial RNA ( Binder and Brennicke 1993) . These estimates do not take into account various flaws in the estimate caused by multiple promoters of a single gene, rapid processing of primary transcripts with immediate loss of the 5Ј leader as observed for most rRNA and tRNA transcripts, and similarly sized primary transcripts with asymmetric abundances.
The complete genome sequence was searched for the presence of conserved promoter elements of the AT region and the nonanucleotide structure. The query sequence was that of the pea atp9 promoter, with allowances for those deviations that have actually been shown to be efficiently active as transcription initiation sites in the in vitro pea lysate or that have been identified in vivo as bona fide promoters in dicot plants. This search reveals 29 well-conserved sequences scattered around the genome ( Figure 2 ). Of these, 16 are located within a reasonable distance of less than 3 kb upstream of identified genes. This result leaves about 15 genes or gene clusters without any clearly conserved promoter structure within a reasonable distance. Conserved promoters are found located upstream of the 18S-5S rRNA cluster (Giese et al. 1996) , several protein coding genes, and tRNA genes, consistent with the observed in vivo range of activity of these promoter sequences. However, other tRNA as well as protein coding genes are lacking such highly conserved promoters.
Particularly intriguing is the lack of detectable promoter structures upstream of the 26S ribosomal RNA gene, although in all genetic systems the ribosomal RNA genes are usually the most highly expressed coding sequences. Since plant mitochondria are no exception to this rule and the 18S and 26S rRNAs are the most prominent steady-state RNA molecules, we expect, besides an increased stability of these molecules, a relatively high transcription rate. Runoff transcription experiments in purified maize mitochondria have indeed shown that the rRNA genes are among the most highly transcribed genes (Mulligan et al. 1991; Finnegan and Brown 1990) . In Arabidopsis, as in other dicot and probably also in monocot plants, we must therefore postulate additional promoter structures distinct from the nonanucleotide promoter. Transcription of the rRNA promoters may be more complex, considering observations made in interspecies comparisons of mitochondrial 18S rRNA promoters. These comparisons showed that although a perfect nonanucleotide-type promoter sequence is present in Arabidopsis and in pea upstream of the 18S rRNA genes, only the sequence in Arabidopsis is used, while the pea sequence is inactive (Giese et al. 1996) . In potato the first nucleotide of the mature 26S rRNA is also the first transcribed nucleotide, although there is no similarity to the conserved promoter structure. To determine the complete number of plant mitochondrial promoters in the genome of Arabidopsis, additional experimentation will be required to substantiate the sequence similarities observed and to locate the additional promoters, which apparently have no overt structural likeness to the nonanucleotide type promoter.
Nuclear Promoters
Today a number of nuclear genes and/or cDNAs coding for protein subunits of mitochondrial respiratory chain complexes have been identified including the Rieske iron-sulfur protein of complex III and various subunits of the ATPase of complexes IV and I ( Boutry and Chua 1985; Huang et al. 1994; Morikami et al. 1992; Rasmusson et al. 1998b ). Several nuclear genes coding for mitochondrial proteins show mRNA steady-state levels 6-to 10-fold higher in the generative parts, the flowers Heiser et al. 1996; Huang et al. 1994; Rasmusson et al. 1998a; SchmidtBleek et al. 1997) . The induction of these nuclear genes correlates well with an increasing number of mitochondria and mitochondrial transcripts per cell, particularly in male organs, suggesting a certain degree of coordination between both processes. Both higher transcription rates of nuclear genes for mitochondrial proteins and mitochondrial number and activity contribute to a tissue-specific increase of ATP synthesis, which is presumably needed to sustain the extremely energy demanding process of microsporogenesis.
We have focused our investigations on elucidating the regulatory promoter elements of three genes of the respiratory chain complex I, the NADH-dehydrogenase, notably those coding for the NADHbinding 55 kDa subunit, and the intrinsic 22 kDa (PSST ) and 28 kDa iron-sulfur proteins (Rasmusson et al. 1998b; Zabaleta et al. 1998 ). Molecular analysis of the promoter regions was done by functional tests of the respective activities in transgenic plants. The GUS gene was cloned downstream of the respective promoter regions as reporter gene and expression levels were monitored by activity tests in cellular extracts and by in situ staining ( Zabaleta et al. 1998) . These experiments show that the transcriptional enhancement is conferred specifically in pollen grains and anthers, while other floral tissues show no significant differences or even down-regulation of the same promoter-reporter gene constructs.
Consecutive series of deletion clones shortened towards the transcriptional start revealed for each gene a cutoff point of this pollen-anther-specific enhancement of transcription ( Figure 3) . Respective sequence regions of 235 nucleotides in the 22 kDa, 131 nucleotides in the 28 kDa, and 218 nucleotides in the 55 kDa subunit promoters were found to convey the full expressional phenotype including the pollen-anther-specific enhancement. Further deletions of about 100 nucleotides each, however, completely abolished the characteristic high levels of expression in the male-generative tissues.
The promoter regions conferring the specific high transcription levels in male organs are found to contain short sequence motifs similar to pollen-specific enhancers in promoters of certain pollen proteins in tomato ( LAT52/56), the socalled pollen box ( Twell et al. 1991) . Indeed, in gain-of-function experiments these respective sequence regions of the complex I genes confer tissue-specific transcriptional activity to the disarmed Ϫ90 CaMV promoter, which is not active in any above-ground plant tissue ( Figure 4 ). In the genes coding for the 22 and 55 kDa polypeptides, 100-nucleotide-long fragments containing the highest similarity to the tomato pollen box in the larger surrounding sequence contexts stimulate high RNA levels in anthers and pollen.
These results suggest that these sequence regions are essential as well as sufficient to convey pollen-anther-specific expression and should be responsible for the characteristic induction of complex I genes in male organs. At present we cannot determine whether the short sequence similarities to the tomato LAT52/ 56 box reflect a functional analogy since the promoter fragments used in the gainof-function experiments were much larger. It is also possible that additional sequence elements or even completely different nucleotide motifs within the regions tested are involved. Notwithstanding, it is clear that the nuclear complex I genes are able to respond to metabolic requirements in a tissue-specific manner through transcriptional activation. The identification of ciselements involved in this activation suggests the interaction of one or more transfactors acting through a regulatory pathway able to sense cellular metabolism and requirements.
The tissue specificity of reporter gene expression supports a direct involvement of these pollen-box similarities, since highest transcript levels are observed in maturing pollen grains similar to the distribution seen with the tomato pollen-specific promoter box ( Twell et al. 1991) . This is indicated by GUS-stainings of transgenic flower cross-sections as seen in the microscopic analysis specifically in pollen grains and in surrounding anther cells ( Figure 3) . Surprisingly, gene activation is also found in developing, fertilized embryos ( Zabaleta et al. 1998) . The location of the sequence elements conferring this latter tissue-specific enhancement has not yet been defined.
Other parts of the complex I gene promoters are responsible for a general promoter activation in all cells of the plants. These sequence elements can be separated from the pollen-specific regions and appear to be very close to if not identical with the actual CAAT-containing regions in the 22 kDa, 28 kDa, and 55 kDa subunit promoters. Deletion of these sequences completely abolishes transcriptional activity, confirming their role as transcriptional promoters active in all cells and tissues tested. The promoter activity of these regions is much lower than the full CaMV promoter-mediated GUS-reporter gene expression. Thus, to employ the general promoter elements of the complex I genes in, for example, transgenic plants, overall activity of these promoters must be enhanced considerably. The pollen-specific elements, on the other hand, are potentially useful for constructing powerful (-192/-205) . The bold lines represent putative CAAT boxes (-93,-104) and the line represents a TATA boxlike sequence (-33) . Numbers represent the distances relative to the transcription start site determined by RACE . 
Evolutionary Considerations
Most of the nuclear genes for mitochondrial proteins are derived from former mitochondrial genes, which entered the eukaryotic cell with the original endosymbiont. Gene transfers from mitochondrion to nucleus most likely occurred as random, untargetted events. This nonteleological mode of sequence transfer is supported by comparisons of the sequences surrounding such transferred genes, which even in comparatively recent transfers occur at completely different locations in the nuclear genome. Analogously, the evolutionary history of nuclear genes for chloroplast proteins appears to have started from chance integrations of the ancient gene from the endosymbiont genome, as inferred from the highly dissimilar surrounding sequences.
Most surprising is the observation that similar sequence elements confer high anther-specific expression in the nuclear promoters of the genes for mitochondrial respiratory chain complex I subunits. It is unlikely that this similarity originated because of similar sequence integration sites of the mitochondrial genes, since no further similarity is found outside of the pollen-specific boxes. Considering that these elements are only a few nucleotides in size, convergent evolution toward this similarity appears more likely. Physiological requirements for an operationally dependable, high gene expression in developing anthers could have selected for these sequence similarities, the process being facilitated by the small size of the tissue-specific promoter elements.
Conclusion
In the work summarized here we have identified both nuclear and mitochondrial promoter elements involved in transcriptional activation of genes for proteins destined for the same polypeptide complex in the inner mitochondrial membrane. With these promoter sequences interacting transcription factors can be identified, which then in turn will allow investigation of their own regulation. These promoter delineations in the mitochondrion and nucleus should allow dissection of the regulatory circuits involved in coordinating expression of the nuclear and mitochondrial genomes in plants.
